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In the current study, a solid state disc laser with a wavelength of 1030 nm and maximum power of 5.3 kW 
was used to melt the surface of pure tungsten samples (manufactured according to ITER speciﬁcations by 
Plansee SE). Several combinations of laser power and traverse velocity were tested, with the aim of elim- 
inating any pre-existing cracks and forming a smooth and contiguous resolidiﬁed surface. Some of the 
samples were previously damaged by the electron beam simulation of 100 THLs of 0.38 GW/m ² inten- 
sity ( t = 1 ms) on a 4 ×4 mm ² area in the JUDITH 1 facility. These conditions were chosen because the 
resulting damage (crack network) and the crack depth ( ∼20 0–30 0 μm) are known from previous iden- 
tical material tests with subsequent cross sectioning. After laser melting, the samples were analyzed by 
SEM, laser proﬁlometry and metallographic cross sectioning. A closed surface without cracks, an increased 
grain size and pronounced grain boundaries in the resolidiﬁed area were found. Proﬁlometry proved that 
the surface height variations are within ±25 μm from the original surface height, meaning a very smooth 
surface was achieved. These results successfully demonstrate the possibility of repairing a cracked tung- 
sten surface by laser surface re-melting. This “laser repair” could be used to extend the lifetime of future 
plasma facing components. 
© 2016 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 
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2. Introduction 
Transient heat loads (THLs) during the operation of a fusion
eactor pose a threat to the structural integrity of plasma facing
aterials. Research on the impact of THLs on tungsten surfaces
howed deterioration that increased from surface roughening to
racking and ﬁnally melting. Typically a higher intensity, a higher
umber of THLs or a higher material temperature lead to more
evere deterioration up to a level at which a single THL leads to
elting [1–4] . Techniques like mitigation of transient events or
onversion of plasma energy into radiation by massive gas injec-
ion are used to lower the intensity of THLs in order to achieve
onditions that allow a long(er) life time of plasma facing materials
nd components. However, it was shown that relatively moderate
HLs of 0.27 GW/m ² ( t = 0.5 ms) can lead to cracked surfaces af-
er 10 5 and more pulses [4] and microstructural fatigue processes
tart already at even lower power densities of 0.14 GW/m ² [5] . For
TER more than 10 6 transient events in the form of edge localized
odes are expected and a DEMO could achieve more than 10 9 per
ull power year (at a frequency of 50 Hz). Even under pure station-
ry heat load cyclic operation can lead to fatigue cracks on the sur-∗ Corresponding author. 
E-mail address: T.Loewenhoff@fz-juelich.de (Th. Loewenhoff). 
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Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.04.004 ace. Hence it can be expected that the surface of plasma facing
aterials will not stay pristine after long operation. It is currently
nclear whether or not these damages have an inﬂuence on reactor
peration (and to which extent). However, the possibility to locally
epair damaged areas by remote tools (e.g. a laser [6] ) would be an
nteresting option. The use of a laser tool for this purpose has sev-
ral advantages, especially in a neutron activated environment: It
s a contactless method; there is no need to have the laser itself in
he reactor chamber; many different types of lasers are commer-
ially available and provide energy input into material with high
recision and control; it does not create dust by abrasive processes.
his study presents a ﬁrst investigation on the feasibility of surface
epair by laser on a proof-of-principle level. 
. Experimental conditions 
The experimental setup is shown in Fig. 1 . The laser light from
 solid state disc laser (Trumpf TruDisk 8002, wavelength 1030 nm)
s guided by a ﬁber to an optical deﬂection system (focal spot
.8 mm) on a robot arm. Samples are placed in a crucible below
hich is ﬂushed with argon to prevent oxidation. 
First, samples of generic pure ( ∼99.9%) tungsten were used
o ﬁnd good laser parameters for the melting process. A num-
er of combinations of process parameters – laser power, focal
pot size and scanning speed – were tested. These led to varyingnder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 
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Fig. 1. Experimental setup: The optical deﬂection system on top guides the laser 
beam onto the sample surface below. The samples are placed in a crucible (a cross 
section is shown) which is ﬂushed with argon to prevent oxidation. 
Fig. 2. Surface topology measured with a laser proﬁlometer. The height scale is 
enhanced by a factor of ﬁve to make the three laser tracks clearly visible. Line scans 
with true heights are shown in Fig. 3 . The laser power was 3 kW in all three cases, 
the velocities varied: 3, 4 and 5 mm/s (from left to right). 
Fig. 3. Line scans measured with a proﬁlometer showing the height proﬁle of three 
laser melt tracks ( Fig. 2 ). The laser power was always 3 kW. 
 
 
 
 
 
 
Fig. 4. Line scans measured with a proﬁlometer showing the height proﬁle of three 
laser melt tracks with ﬁxed velocity of 5 mm/s, but different laser power: 3 kW 
(same proﬁle as in Fig. 3 ), 4 kW and 5 kW. 
Fig. 5. Surface topology of sample F3 measured with a laser proﬁlometer after ther- 
mal shock cracking and subsequent LSR (“repair”). The height scale is enhanced by 
a factor of ﬁve to make the laser tracks clearly visible. Line scans of the indicated 
proﬁles 1 and 2 with true heights are shown in Fig. 6 . 
Fig. 6. Line scans of the surface elevation of sample F3 for the two proﬁles indi- 
cated in Fig. 5 . The largest deviation from the original surface height occurred in 
the beginning and end of the laser track. 
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c  
M  v degree of melting. After a visual inspection, the most promis-
ing settings, producing a smooth remelted layer of suﬃcient size,
were selected. After that, samples of tungsten produced accord-
ing to ITER material speciﬁcations were used [7] that were pre-
viously exposed at room temperature to 100 pulses of 1 ms dura-
tion and 0.38 GW/m ² intensity in the JUDITH 1 electron beam highPlease cite this article as: Th. Loewenhoff et al., Laser re-melting of t
Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.04.004 eat ﬂux facility in Forschungszentrum Jülich [8] . This THL expo-
ure damaged the samples in a deﬁned way: a crack network de-
eloped with a known crack depth of 150–300 μm [9] . One of the
oals of the laser surface re-melting (LSR) was to achieve melt-
ng to this depth to remove the cracks completely. The samples
ere blocks of about 12 ×12 ×5 mm ³ and the damaged area was
 ×4 mm ² (more details about the e-beam loading can be found
n [9] ). All samples were ground and polished to mirror ﬁnish to
et deﬁned starting conditions. Three cracked samples were ﬁnally
reated with the most promising LSR procedures. They were an-
lyzed by non-destructive post-mortem analyses, two also by de-
tructive post-mortem analysis. The remaining sample was tested
n JUDITH 1 to assess the thermal shock performance of the reso-
idiﬁed surface using again 100 e-beam pulses as described above,
ut with a low power density of 0.1 GW/m ². After analysis of the
urface a second test with 0.38 GW/m ² was done. 
Post-mortem analyses were done using scanning electron mi-
roscopy (SEM) and laser proﬁlometry (KF3 sensor from OPM
esstechnik GmbH). Other analytical methods (focused ion beamungsten damaged by transient heat loads, Nuclear Materials and 
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Fig. 7. SEM images of the laser melted surface of sample F1 (left, procedure 1) and F2 (right, procedure 2). The left image shows also the heat affected zone (HAZ). No 
cracks were found. 
Fig. 8. Grain size distributions (histogram of all measured feret min and feret max values) before and after LSR obtained by analysis of top view SEM images. The average 
grain sizes were 10 μm and 130 μm, respectively. 
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hFIB), electron backscatter diffraction (EBSD), Vickers hardness
easurement and metallographic cross sectioning) were used for
elected samples in order to answer speciﬁc questions. 
. Results 
.1. Laser parameter testing 
The generic tungsten samples that were used to ﬁnd appropri-
te parameters showed different melt layer topologies depending
n traverse velocity of the laser and its intensity. An example of
he surface topology measured by laser proﬁlometer is shown in
ig. 2. 
Three individual laser tracks were used with a laser power of
 kW and traverse velocities of 3, 4 and 5 mm/s. Fig. 3 shows the
ine proﬁles along the tracks. 
Varying the power at a ﬁxed velocity of 5 mm/s yields line pro-
les as shown in Fig. 4 . The results show that a higher velocity and
 lower power are preferable. The next step was to go from single
ines to a meander pattern in order to melt an area (5 ×10 mm ²)
nstead of a line. Two ﬁnal procedures showed the best results: 
• Procedure 1: velocity 5 mm/s, laser power 1 kW and a meander
pattern which was repeated twice (total duration ∼42 s) Please cite this article as: Th. Loewenhoff et al., Laser re-melting of t
Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.04.004 • Procedure 2: velocity of 8 mm/s, laser power 1.5 kW and a me-
ander pattern which was repeated once (total duration ∼13 s) 
Procedure 1 was used for two pre-damaged samples (F1 and
3); procedure 2 was used on one pre-damaged sample (F2). 
.2. Melting of thermal shock damaged tungsten 
The samples F1, F2 and F3 were analyzed by SEM and laser pro-
lometry to assess the melt layer quality, verify whether a closed
crack free) surface was achieved and measure the surface ﬂat-
ess. Fig. 5 shows the surface topology of sample F3. Line pro-
les through the maximum and minimum height (the beginning
nd end of the laser track, respectively) are shown separately in
ig. 6 . In general, the resulting surface varies by ± 25 μm at most
 ±10 μm if the beginning and end “bumps” are not considered)
rom the original surface level. This is also valid for F2 (procedure
). 
The arithmetic mean roughness R a is ∼0.7 μm for the total
olten area, ∼0.3–0.4 μm for the central part and ∼0.1 μm for the
olished reference surface. These values are comparable or even
etter than as machined surfaces after production of a plasma fac-
ng component [10] . The SEM images ( Fig. 7 ) showed no cracking,
ot even in the transition zone between the molten area and the
eat affected zone (HAZ). ungsten damaged by transient heat loads, Nuclear Materials and 
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Fig. 9. Vickers hardness (HV5) results of sample F3 after laser repair. The indents were made visible by using a special light incidence (light microscope image on the right). 
Five indents were made on one side of the resolidiﬁed layer (1–5), another ﬁve on the other side (6–10) and six on the resolidiﬁed layer itself (11–16). The measured HV5 
values are plotted on the left. 
Fig. 10. SEM images of the LSR area on sample F1. Images (a) and (b) show the lines (black arrows) that resemble the grain boundaries (red/grey arrows). The higher 
magniﬁcation and surface tilt in (c) reveal that the lines are steps of typically ∼1 μm height. A focused ion beam cross section (d) shows that the step has no correlation to 
grain boundaries or sub-surface structures in the near surface layer. 
Please cite this article as: Th. Loewenhoff et al., Laser re-melting of tungsten damaged by transient heat loads, Nuclear Materials and 
Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.04.004 
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Fig. 11. Light microscope image of the metallographic cross section of sample F3. The central area is the LSR area with larger grains. A grain that broke out of the bulk 
during polishing is also visible. The whole sample is recrystallized (the original grain structure showed grains elongated perpendicular to the top surface [9] ). 
Fig. 12. SEM images of the surfaces of samples F3 (left) after thermal shock testing (before LSR) and F1 (right) after thermal shock testing, subsequent LSR and, once again, 
thermal shock testing. The major crack network is similar, but the laser repaired surface shows additional minor cracks. 
Fig. 13. Light microscope image of the metallographic cross section of sample F1 after thermal shock test on the laser treated surface. During polishing grains broke out of 
the surface because of weak grain boundaries (top). This got worse after etching (bottom). 
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bIt was also observed that grain sizes have increased strongly, as
xpected. The grain size distribution before and after LSR is shown
n Fig. 8 . The original average size was ∼10 μm; after LSR grains
ave an average size of ∼130 μm. 
Material properties as for fully recrystallized material are to be
xpected considering these results. Indeed a measurement of the
ickers hardness ( Fig. 9 , average 351HV5) yielded a result as for re-
rystallized tungsten. Interestingly the HAZ showed the same hard-
ess as the resolidiﬁed area, indicating full recrystallization in the
AZ. This was conﬁrmed by the metallographic cross sections (see
elow). 
The SEM images ( Fig. 7 ) also showed a feature (appearing for
oth, procedure 1 and 2) which is depicted at higher magniﬁca-
ion in Fig. 10: The grain boundaries are clearly visible, but alsoPlease cite this article as: Th. Loewenhoff et al., Laser re-melting of t
Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.04.004  network of lines that does often (but not always) resemble the
rain boundary network. 
An investigation of the lines at higher magniﬁcation showed
hat these structures are steps on the surface with a typical height
f ∼1 μm. In order to see whether they are connected to any struc-
ure below the surface focused ion beam (FIB) was used to make
ross sections. No correlation to anything (voids, grain boundaries,
tc.) in the near surface layer was found ( Fig. 10 ). An investiga-
ion by EBSD also yielded the result that there is no direct correla-
ion between steps and grain boundaries or crystal orientation (no
hange in grain orientation when crossing a step). However, the
imilarity of the patterns of grain boundaries and steps suggests
hat the lines may correspond to former positions of the grain
oundaries that moved during resolidiﬁcation. ungsten damaged by transient heat loads, Nuclear Materials and 
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 In the next step of post-mortem analysis metallographic cross
sections of samples F2 (procedure 2) and F3 (procedure 1, Fig. 11 )
were made to see whether a melt depth was achieved that was
suﬃcient to remove the cracks completely. Both showed a suﬃ-
cient melt depth. It was deeper for F2 with larger grain growth.
During preparation (polishing) of the cross sections grains often
broke out of the bulk material. This is typically also observed for
recrystallized material and indicates weak grain boundaries. 
It was also observed that the tungsten blocks completely lost
their original microstructure and fully recrystallized. That means
the entire block was at temperatures 1300 °C, though just for a
few seconds during the experiment. 
Sample F1 (LSR using procedure 1, identical to F3) was, af-
ter non-destructive post-mortem analyses, again subjected to 100
thermal shock pulses of 0.1 GW/m ² intensity and 1 ms duration
each. No cracks or other changes in surface morphology were
found on F1. Therefore another thermal shock experiment was
done using the same conditions but with an increased intensity of
0.38 GW/m ². These are the same conditions as used before LSR to
induce the crack network. A crack network formed on the laser re-
paired surface that shows some small differences compared to the
cracks observed after loading the pristine surfaces ( Fig. 12 ). 
The major cracks show a very similar though more jagged (due
to the large grains) appearance, but additional ﬁner secondary
cracks appear on the laser repaired surface. This leads to a lower
average crack distance (189 μm compared to 264 μm), i.e. a higher
crack density. The crack width is slightly increased (from an aver-
age of 1.8 μm to an average of 2.3 μm for the major cracks). The
cross section of F1 ( Fig. 13 ) shows an average crack depth of about
200 μm, although it is diﬃcult to get precise values, because often
it is diﬃcult to distinguish between grain boundaries and cracks.
This average depth is comparable to what was found for the origi-
nal material (with transversal grain orientation) investigated under
the same conditions in [9] . Grains broke out of the surface during
the cross section preparation and during etching, indicating very
weak grain boundaries. 
4. Discussion & conclusion 
The experiments performed on pure tungsten show that it is
possible to remove cracks introduced by thermal shocks using laser
surface re-melting (LSR). At the same time a very ﬂat and com-
pletely closed surface was achieved. The necessary melt depth to
remove the cracks completely was achieved as well. The resolidi-
ﬁed material consists of large grains (average diameter ∼130 μm)
with weak grain boundaries, very much like recrystallized material.
This means it can be expected to have similar properties as recrys-
tallized tungsten. Indeed, the thermal shock testing and the post-
mortem analyses showed results similar to those already found for
recrystallized tungsten. As a consequence, the material to be “re-
paired” should not deteriorate if it is already recrystallized before.
Material that was improved by mechanical treatment, alloying, etc.
might lose its improved properties partially or completely. The use
of post-LSR techniques might be of interest to control the proper-
ties of the re-melted layer (e.g. high frequency impact treatment,
use of inert gases to control grain growth, etc.). Please cite this article as: Th. Loewenhoff et al., Laser re-melting of t
Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.04.004 After LSR a network of lines was found on the surface which
onsisted of steps of ∼1 μm height. The origin of this feature is not
et understood. However, it could be shown that the steps are not
irectly connected to voids, grain boundaries or other sub-surface
rregularities in the near surface layer although they often formed
ine patterns which resembled grain boundary patterns. 
The post-LSR thermal shock tests revealed that the material
ould withstand 100 pulses of 1 ms and 0.1 GW/m ² intensity at
oom temperature, while increasing the intensity to 0.38 GW/m ²
esulted in a crack network similar to the result on pristine ma-
erial. However, the weakness of grain boundaries implies an in-
reased risk for material loss (particle erosion). 
Further thermal shock characterization of re-melted surfaces
s in progress, as well as LSR of heavier damaged material
deeper/wider cracks) and of vertically arranged samples (inﬂu-
nce of gravity on melt layer). The next step would be to use LSR
n actively cooled components. It was shown that the tungsten
amples in this study heated up to at least 1300 °C as a whole
uring LSR, because they recrystallized completely. This cannot
e allowed when using a component, hence strong temperature
radients will lead to high stresses in the material. Feasibility
f successful LSR under these conditions has to be proven. Fu-
ure development could include the implementation of additive
anufacturing to compensate for material erosion of plasma fac-
ng materials. 
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